We present a proton-selective method to determine 17 O-1 H distances in organic, biological and biomimetic materials by fast magic-angle-spinning (MAS) solid-state NMR spectroscopy. This method allows the determination of internuclear distances between specific ( 17 O, 1 H) spin pairs selectively. In this way medium-range 17 O‚‚‚ 1 H distances across hydrogen bonds can be estimated in the presence of short-range 17 O-1 H contacts sharing the same 17 O site. The method employs the newly developed symmetry-based radiofrequency (rf) pulse sequence SR4 1 2 applied to the protons to achieve heteronuclear dipolar recoupling, while simultaneously decoupling the homonuclear proton dipolar interactions. Fast MAS (50 kHz) and high static magnetic fields (18.8 T) achieve the required proton spectral resolution.
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Hydrogen bonding is an essential component of the structure and functioning of bio(mimetic) materials. 1 17 O solid-state NMR has started to develop into a powerful tool to study hydrogen bonding in nucleic acids, amino acids, peptides, and proteins, 2 as it gives direct access to one of the hydrogen-bonding partners in X-H‚‚‚O (X ) O, N, C) hydrogen bonds. So far, mainly the indirect correlation of 17 O chemical shifts and quadrupolar couplings has been used for this purpose. However, the most direct and accurate method to characterize these types of hydrogen bonds is to measure O‚‚‚H distances across the hydrogen bonds by determining 17 O-1 H heteronuclear dipolar couplings.
Important examples of moderate hydrogen bonds 1 in biological systems are N-H‚‚‚OdC hydrogen bonds in -sheets and R-helices and O-H‚‚‚O hydrogen bonds in polysaccharides. O‚‚‚H distances d across moderate hydrogen bonds are in the medium-range order of 150-220 pm, hence significantly longer than O-H interbond distances (98-99 pm). O-H groups can act simultaneously as proton donors and acceptors, for example, in the H‚‚‚O-H‚‚‚O type hydrogen bonds in polysaccharides such as cellulose. 3 In the crystal structure of L-tyrosine‚HCl the O η -H η group acts as donor in the O η -H η ‚‚‚Cl -hydrogen bond, and simultaneously the O η acts as acceptor in the intermolecular O′′ -H′′‚‚‚O η hydrogen bond 4 (shown in Figure 1 ).
The determination of dipolar couplings under MAS conditions requires the application of recoupling rf pulse sequences in order to suspend the MAS averaging of these couplings over a defined time interval. The rotational echo double resonance (REDOR) sequence 6 applied to the 1 H possesses the properties ii-iv; however, under fast MAS and the usual rf field limitations, substantial recoupling of the 1 H homonuclear dipolar interactions occurs. The symmetrybased R18 2 5 heteronuclear recoupling sequence fulfills the criteria i and iv and has been used to determine 17 O-1 H interbond distances. 7 Recently, we presented supercycled symmetry-based RN n V pulse sequences achieving heteronuclear longitudinal twospin-order (I z S z ) recoupling that possess all properties i-iv. 8 These sequences were used to determine the short-range O η -H η interbond distance r in O η -L-tyrosine‚HCl (Figure 1) . Here we present a new sequence denoted SR4 1 2 complying with all criteria i-iv that provides an essential improvement over the existing sequences for estimating medium-range 17 O‚‚‚ 1 H distances, especially in the presence of short-range 17 O-1 H contacts. The sequence SR4 1 2 is based on the basic rotor-synchronized sequence R4 1 2 ) 180 90 180 -90 180 90 180 -90 spanning exactly one rotational period. The notation φ denotes a pulse of flip angle and phase φ (both in degrees). A supercycle is constructed by adding a consecutive R4 1 -2 ) 180 -90 180 90 180 -90 180 90 block and repeating the combined block R4 1 2 R4 1 -2 three times with overall rf phase shifts 0°, 120°, and 240°, resulting in (for a complete list of rf phases see the Supporting Information).
We employ the SR4 1 2 sequence in two different pulse schemes: The scheme in Figure 2a allows non-proton-selective 17 O-1 H distance determination, that is, the 17 O transverse magnetization is modulated by all 17 O-1 H dipolar interactions sharing the same 17 O site. The scheme in Figure 2b allows determination of specific 17 O-1 H distances by employing a selective 180°Gaussian pulse on the protons following the concept of the selective REDOR sequence. 9 The 17 O transverse magnetization is only modulated by those 17 O-1 H dipolar interactions involving protons that are selectively inverted. 9 Experimental results obtained for 17 O η -L-tyrosine‚HCl using the pulse scheme in Figure 2a are shown in Figure 3b , where the solid line corresponds to the best-fit result of numerically exact twospin ( 17 O η , 1 H η ) simulations considering all relevant spin interactions. The best-fit value of the 17 O η -1 H η dipolar coupling constant is given by 14770 ( 260 Hz (r ) 103 ( 1 ppm) in agreement with our previous results. 8 The dotted line is the result of average Hamiltonian calculations considering solely the heteronuclear dipolar coupling and using the same fitting parameters as for the solid black line. Figure 3 parts d and f show the experimental results obtained using the pulse scheme in Figure 2b , employing Gaussian pulses selective to the 1 H η and 1 H′′ sites, respectively. The solid lines correspond to the best-fit results of numerical two-spin simulations. The best-fit value of the 17 O η -1 H η dipolar coupling constant corresponds to 14270 ( 580 Hz (Figure 3d ). This is in agreement within the error margins with the results obtained with the non-proton-selective scheme. The best-fit result of the 17 O η ‚‚‚ 1 H′′ dipolar coupling constant is given by 3130 ( 660 Hz (Figure 3f) . This corresponds to an intermolecular O η ‚‚‚H′′ distance of d ) 173 ( 12 pm. Hence the solid-state NMR distance is about 8% larger than the value of 160.9 pm determined by neutron diffraction. The accuracy is satisfactory considering the difficulty in measuring this type of distances by NMR. The dashed lines correspond to the bestfit results of numerical three-spin simulations where both the 17 O η -1 H η and the 17 O η ‚‚‚ 1 H′′ dipolar couplings were varied on a twodimensional grid. The best-fit results for the 17 O η -1 H η and 17 O η ‚‚‚ 1 H′′ dipolar coupling constants are given by 14200 and 3100 Hz, respectively, which is in good agreement with the two-spin simulations.
In conclusion, we were able to determine selectively the mediumrange O η ‚‚‚H′′ intermolecular hydrogen-bonding distance in the presence of the short-range O η -H η interbond distance in 17 O η -Ltyrosine‚HCl employing the newly developed heteronuclear longitudinal two-spin-order recoupling sequence SR4 1 2 . The presented pulse schemes are suitable in determining distances between protons and heteronuclei in general, irrespective of their spin quantum number. We anticipate numerous applications to characterize moderate hydrogen bonds in bio(mimetic) materials. To tackle larger systems involving spectral overlap, one can resort to selective 17 O labeling possibly combined with partial deuteration of the sample. 2 sequence: (b) using the pulse scheme in Figure 2a ; (d) using the scheme in Figure 2b with a 1 H η -selective Gaussian pulse; (f) using the scheme in Figure 2b with a 1 H′′-selective Gaussian pulse. Solid lines represent the best-fit numerical two-spin simulations; dotted lines represent the average Hamiltonian calculations using the same fit parameters as for the solid black lines; dashed lines represent the best-fit numerical threespin simulations. All experiments were performed at a magnetic field of 18.8 T and a spinning frequency of 50 kHz on a sample of [35-40% 17 O η ]-L-tyrosine‚HCl. The 1 H rf field strength during the SR4 1 2 sequence was set to 100 kHz using a two-dimensional nutation spectrum. The 17 O centraltransition-selective 180°pulse length was set to one rotational period (20 µs). The duration of the Gaussian pulse was set to 51 rotational periods (1.02 ms), and the frequency offset and rf amplitude was optimized to selectively invert 1 H η and 1 H′′ longitudinal magnetization respectively, as shown in panels c and e.
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